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I.  Introduction 


Recent  interest  in  the  complex  flow  separation  phenomena  which  have  been 
observed  to  accompany  airfoil  dynamic  stall  has  precipitated  a  requirement  to 
generate  arbitrary  but  controlled  model  motions  in  the  laboratory  environment. 
Numerous  previous  research  efforts  (e.g.,  see  References  1-5)  have  been 
limited  to  examining  the  effects  of  nominally  harmonic  (sinusoidal)  oscilla¬ 
tions  due,  in  part,  to  the  complexity  involved  in  the  design  and  fabrication 
of  a  more  general  purpose  device.  Recent  improvements  in  the  response 
characteristics  of  advanced  hybrid  servo  systems  and,  independently,  the 
development  of  the  low  cost  microcomputer  for  control  applications  have  Been 
exploited  to  produce  a  mechanism  which  possesses  heretofore  unrealized 
flexibility  in  achieving  a  wide  range  of  motion  alternatives. 

This  report  describes  and  discusses  the  design  and  operation  of  a  proto¬ 
type,  multi-purpose  oscillation  apparatus  capable  of  providing  simultaneous, 
independent  motions  of  an  airfoil  (or  other)  model  in  two  degrees  of  freedom. 
In  combination  with  the  measurement  techniques  discussed  later,  the  concept 
affords  a  high  degree  of  cycle-to-cycle  repeatability  and  a  potential  to 
generate  any  of  a  virtually  infinite  variety  of  simultaneous  complex  motions 
in  both  rotation  and  translation. 

The  specific  system  was  designed  and  constructed  for  advanced  dynamic 
stall  studies  at  the  Frank  J.  Seiler  Research  Laboratory  and  permitted 
controlled  repetitive  motions  of  several  small  airfoil  models  (6-  to  8-inch 
chord)  in  both  pitch  and  translation.  Depending  on  the  orientation  of  the 
test  apparatus,  translational  motion  could  be  produced  ii.  either  the  free- 
streara  or  cross-stream  directions.  The  entire  apparatus  was  located  adjacent 
to  and  just  outside  of  the  2  ft  x  3  ft  subsonic  wind  tunnel  test  section 
allowing  only  the  model  to  be  exposed  to  the  air  stream  through  a  slot  in  the 


test  section  floor. 
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The  oscillator  system  is  functionally  composed  of  four  elements:  (1)  the 
Motion  Transfer  Apparatus,  (2)  the  Model  and  its  interface  collar,  (3)  Dual 
Hybrid  Servo  Drive  Units  and  (4)  a  Microcomputer  Control  System.  These 
elements  are  depicted  schematically  in  Figure  1.  The  Motion  Transfer 
Apparatus  is  a  device  constructed  from  aluminum  and  steel  components  which 
serves  to  transform  shaft  displacements  from  the  d^ive  motors  to  desired 
model  motions.  The  model  is  fastened  to  this  apparatus  through  a  coupling  on 
the  rotational  (pitch)  drive  yoke.  The  Servo  Drive  Units  are  complex  feed¬ 
back  controlled  positioning  systems  capable  of  accurate  instantaneous  rate 
control  which  independently  provide  power  to  the  Motion  Transfer  Apparatus  in 
both  degrees  of  freedom.  Pulse  width  modulation  techniques  are  employed  in 
these  units  to  maximize  power  transfer  rate  and,  therefore,  optimize  overall 
system  response.  The  Microcomputer  Control  System  provides  a  preprogrammed 
series  of  pulses  to  the  Servo  Drive  Units  which  then  effect  the  desired 
displacements.  Both  units  are  simultaneously  controlled  by  the  same  micro¬ 
computer  CPU. 

Each  of  the  elements  briefly  described  above  is  the  subject  of  a  separate 
section  of  this  report.  While  these  elements  and  their  integration  remain  the 
primary  focus  of  this  document,  the  role  of  the  entire  mechanism  in  the  over¬ 
all  experimental  arrangement  is  also  addressed,  especially  its  relationship  to 
the  host  data  acquisition  minicomputer  which  functions  as  the  experiment's 
central  control  manager.  The  performance  characteristics  of  the  overall 
system  when  subjected  to  various  test  conditions  are  also  discussed. 
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II.  Mechanical  Design 

A.  Motion  Transfer  Apparatus 

Perhaps  the  least  complex  of  the  sub-systems  mentioned  in  the  preceding 
section  is  the  Motion  Transfer  Apparatus  -  a  mechanical  assembly  which 
transfers  kinetic  energy  from  the  drive  motors  to  the  wind  tunnel  model. 

This  device  consists  of  an  aluminum  frame  on  which  the  various  drive  train 
components  are  mounted  and  interconnected.  The  entire  assembly  is  supported 
by  a  steel  mainframe  fabricated  from  heavy  gauge  angle  sections  and  provided 
with  casters  for  portability  when  not  in  use.  During  operation,  the  unit  is 
located  outside  of  and  below  the  wind  tunnel  test  section  so  that  only  the 
model  protrudes  into  the  airstream.  The  complete  apparatus  is  depicted  in 
Figure  2. 

The  drive  system  is  configured  in  a  dual  yoke  arrangement  which  provides 
uncoupled  motions  in  rotation  (pitching  motion,  in  this  case)  and  translation. 
The  pitch  drive  assembly,  including  the  pitch  motor,  is  "piggy-backed"  on  the 
translational  drive  unit.  In  this  configuration,  a  much  lower  power  require¬ 
ment  results  for  the  pitch  drive  motor  compared  to  the  translational  drive 
unit.  Both  drives  are  designed  to  provide  minima)  mechanical  amplification 
factors  for  maximum  dynamic  response. 

B.  Pitch  Drive  Assembly 

Rotational,  or  pitch,  motion  is  generated  through  the  pitch  yoke  sub- 
assembly  which  is  depicted  schematically  in  Figure  3.  Angular  displacement 
of  the  drive  motor  shaft  is  first  converted  to  linear  displacement  of  the 
yoke  assembly  through  a  coupler  device  which  connects  the  motor  flywheel  to 
the  yoke  cross-rod  through  a  ball  bushing  encasement  which  is  free  to  slide 
along  the  cross-rod.  A  cylindrical  bearing  mounted  in  the  coupler  device  is 
mated  to  an  interconnecting  pin  which  protrudes  from  an  off-center  .Location 


k 


on  the  flywheel  surface.  As  the  flywheel  turns,  the  yoke  is  displaced  in  the 
x-direction  with  alignment  maintained  by  four  support  ball  bushings.  This 
linear  motion  is  then  reconverted  into  angular  motion  of  the  model  attachment 
shaft  through  a  rack  and  spur  gear  assembly.  Because  of  severe  dynamic  motion 
requirements,  the  gear  and  rack  were  fabricated  from  steel  with  coarse 
profiles  for  added  strength.  All  components  of  the  drive  apparatus  are 
constructed  from  heavy  duty  materials  in  a  configuration  optimized  for  high 
mechanical  strength  and  stiffness  but  with  a  light  overall  weight. 

The  resulting  mechanical  amplification  of  this  assembly  is  then  unity; 
that  is,  one  complete  revolution  of  the  motor  shaft  coincides  with  one  cycle 
of  model  rotation  from  the  initial  angle  (oQ) ,  through  the  maximum  angle,  and 
back  again.  A  computation  of  the  mechanical  transfer  function  which  relates 
the  instantaneous  model  pitch  angle  (a)  to  the  motor  shaft  displacement  angle 
(0^)  results  in  the  following  relationship  - 

r2 

a  -  a0  =  —  (1  -  cos  e.)  (la) 

1 

or,  alternatively  - 


where 

r^  *  spur  gear  pitch  radius 
and,  r ^  *  flywheel  attachment  radius. 

The  maximum  pitch  angle  which  could  be  attained  is  observed  to  be  a 
function  of  the  flywheel  and  gear  radii,  namely. 


a 

max 
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Although  the  spur  gear  geometry  was  fixed  in  the  design,  the  effective  fly¬ 
wheel  radius  could  be  altered  to  change  the  value  of  a  .  The  flywheel 

max 

interconnecting  pin  is  actually  fabricated  as  part  of  an  eccentric  cam  which 
is  flush  mounted  in  the  flywheel.  The  cam  can  be  rotated  through  a  half¬ 
circle  providing  a  wide  range  of  possible  values  of  r0,  and,  thus  a  .  After 

i.  max 

a  location  is  selected,  the  cam  is  locked  into  position  for  the  subsequent 
test. 

The  flywheel  is  constructed  from  solid  aluminum  and  serves  several 
purposes.  It  is  employed  to  provide  a  measure  of  dynamic  balance  for  the 
drive  system,  especially  at  high  speeds.  It  also  possesses  sufficient  mass 
to  act  as  a  'smoothing'  agent  to  reduce  erratic  motion  during  periods  of  high 
acceleration  and  deceleration. 

The  mainframe  on  which  the  various  components  are  mounted  is  also  used 
to  support  the  drive  motor  itself.  Two  'U'-shaped  braces  provide  a  friction 
fit  capable  of  easily  restraining  the  motor  and  flywheel  while  also  functioning 
as  a  means  for  adjusting  the  motor  reference  position. 

The  pitch  drive  is  powered  by  a  high  response,  DC  servo  motor  of  permanent 
magnet  design  (Control  Systems  Research  Model  No.  SM  708-2).  The  physical 
dimensions  of  the  unit  are  shown  in  the  diagram  of  Figure  4.  The  package 
contains  an  integral  position  feedback  transducer  consisting  of  multiple 
inductor  coils.  The  unit  is  accurate  to  within  0.15  degrees  of  shaft  rotation. 
The  unit  is  capable  of  generating  up  to  50  inch-pounds  (5.6  N-m)  of  torque  at 
700  rpm.  Peak  output  power  of  the  device  is  .66  HP  (492  watts).  The  unit 
weighs  11.5  lb. 

The  pitch  oscillator  assembly  described  in  the  preceding  paragraphs  is 
structurally  designed  to  generate  large  amplitude  (+  40°)  angular  oscillations 
at  frequencies  to  7  Hz.  Anharmonic  operating  conditions  can  usually  be  employed 
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to  provide  less  severe  loading  at  even  higher  instantaneous  rotation  rates  - 
a  subject  which  is  discussed  below. 

C.  Model  and  Model  Interface 

At  this  point,  it  is  appropriate  to  briefly  describe  the  model  interface 
design  since  it  is  coupled  directly  to  the  pitch  drive  assembly.  The  spur 
gear  mentioned  above  is  permanently  attached  to  the  hollow  s  .el  support  shaft 
which  is  fastened  to  the  lower  portion  of  the  mainframe  by  two  alignment 
bearings  (see  side  view.  Figure  3).  The  model  is  coupled  to  this  shaft 
through  a  'tang'  which  protrudes  from  the  base  of  the  model.  The  tang  was 
fabricated  to  be  inserted  into  the  upper  opening  of  the  support  shaft  and  is 
held  in  place  with  recessed  set  screws.  The  tang  possesses  an  oblong  cross- 
section  and  is  hollow  to  allow  for  the  passage  of  transducer  wires  from  the 
model's  interior  to  outside  electronic  signal  conditioning  instrumentation. 

A  sketch  depicting  the  model  mount  arrangement  is  provided  in  Figure  5. 

The  initial  model  to  be  employed  with  the  oscillator  system  was  an 
aluminum  airfoil  having  a  NACA  0012  cross-section  and  a  rectangular  planform 
of  14  inch  span  (35.6  cm)  and  6  inch  chord  (15.2  cm).  The  shape  was  fabricated 
from  three  solid  aluminum  pieces  and  excavated  to  provide  interior  mounting 
locations  for  nineteen  (19)  miniature  piezoresistive  pressure  transducers  (see 
Figure  6).  Short  pieces  of  pliable  tubing  were  used  to  interconnect  the 
transducer  heads  with  small  brass  tubes  which  extended  to  the  model's  upper 
and  lower  surfaces.  This  arrangement  was  necessitated  by  the  small  size  of 
the  model  which  precluded  flush  mounting  of  any  of  the  transducers  with  the 
model's  exterior  surfaces.  Although  the  installation  resulted  in  a  somewhat 
reduced  transducer  frequency  response,  the  upper  rolloff  frequency  of  each 
pressure  measurement  unit  was  maintained  at  an  acceptable  level. 


D.  Translational  Drive  Assembly 

The  entire  pitch  oscillation  mechanism,  including  the  model  and  the  drive 
motor,  is  mounted  directly  to  the  translational  drive  yoke  assembly.  This 
unit  is  shown  in  Figure  7  which  also  depicts  the  relative  location  of  the 
pitch  oscillator  components. 

The  mechanical  operation  of  the  translation  drive  train  is  functionally 
similar  to  that  of  the  pitch  assembly.  Again,  flywheel  rotation  is  converted 
into  linear  motion  through  a  bearing  which  couples  the  flywheel  cam  to  the 
ball  bushing  encasement  which  is  free  to  slide  along  the  yoke  cross-rod.  The 
linear  displacement  (Ax)  can  be  related  to  the  flywheel  rotation  angle  (0"  ) 
through  the  following  expression  - 

Ax  =  r^  (1  -  cos  02>  (2a) 

or,  alternatively  - 

@2  =  cos 

where  - 

r^  =  flywheel  attachment  radius,  translational  assembly. 

The  maximum  range  of  motion  is  regulated  solely  by  the  flywheel  diameter  in 
this  case.  Enlarging  the  flywheel  will  provide  an  increased  translational 
range,  but  the  increased  radius  will  serve  to  decrease  overall  acceleration/ 
deceleration  capability  of  the  system.  The  design  of  the  flywheel  must, 
therefore,  compromise  the  conflicting  requirements  of  maximum  displacement, 
high  system  inertia  for  smooth  constant  speed  operation,  and  optimum  dynamic 
response. 


_  Ax 
r3  - 


(2b) 


The  structural  requirements  of  the  translation  apparatus  are  severe  due 
to  the  added  inertial  resistance  provided  by  the  'piggy-backed'  pitch  assembly. 
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As  a  result,  much  larger  components  were  used  In  the  construction  of  this  unit 
including,  for  example,  one-inch  diameter  rods  to  support  the  yoke  frame. 

Every  effort  was  made  during  the  initial  design  and  fabrication  to  minimize 
the  weight  of  the  moving  as&c-'bly  without  compromising  requisite  structural 
integrity.  The  net  mass  of  the  complete  translational  yoke  and  pitch  assembly 
after  all  modifications  were  completed  was  fixed  at  24.9  kg  (55  lb)  with  the 
NACA  0012  airfoil  model  installed. 

An  obvious  consequence  of  the  dual  yoke  design  approach  described  above 
is  the  large  power  requirement  for  the  translational  drive  stage  compared  to 
that  for  the  pitch  mechanics.  The  mechanical  performance  requirements  were 
ambitiously  defined  to  provide  a  capability  for  large  amplitude  translational 
oscillations  (12  inches,  total  travel)  at  a  high  steady  state  frequency  (3  Hz). 
The  resulting  structural  design  was  thought  to  strike  a  good  balance  between 
maximized  performance  goals  and  necessary  safety  considerations. 

To  obtain  reasonable  dynamic  performance,  a  5  HP,  DC  motor  (L186AT  frame) 
is  employed  with  a  regenerative  drive  power  source  (Control  Systems  Research, 
"Systrol"  Model  4200AP) .  The  maximum  motor  speed  is  rated  at  1750  rpm.  lo 
provide  necessary  torque  over  the  desired  operating  range,  a  10:1  gear  reduc¬ 
tion  stage  (Morse,  Model  35GCV10)  is  coupled  between  the  motor  drive  shaft  and 
the  flywheel. 

E.  Facility  Interface 

The  combined  drive  assemblies  are  mounted  on  a  rigid  steel  frame  which  is 
braced  with  heavy  cross  members  for  added  stiffness.  Four  retractable  legs 
constructed  from  heavy  steel  angle  sections  with  welded  steel  ’feet1  are 
anchored  to  the  concrete  floor  beneath  the  wind  tunnel  during  operation. 

When  not  in  use,  the  entire  structure  can  be  removed  on  its  four  heavy  duty 
casters  by  retracting  the  legs  while  the  frame  is  supported  by  jacks.  The 
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mainframe  also  serves  as  the  primary  support  for  the  translational  drive  motor 
and  gearbox. 

Available  access  to  the  wind  tunnel  test  section  is  severely  limited 
restricting  the  range  of  possible  model  mounting  schemes.  It  was  for  these 
reasons  that  the  apparatus  was  designed  to  provide  a  model  attachment  point 
through  a  removable  portion  of  the  test  section  floor  (Figure  8) . 

The  model  attachment  shaft  coupled  to  the  pitch  drive  assembly  protrudes 
into  the  test  section  through  a  slot  which  is  cut  in  the  removable  floor 
panel.  The  slot  is  oriented  in  the  freestream  direction  and  is  of  sufficient 
length  to  accommodate  the  maximum  extent  of  translational  motion  in  that'' 
direction.  It  should  be  noted  that  the  oscillation  mechanism  was  designed  to 
alternatively  permit  "plunging"  motions  by  rotating  the  entire  apparatus 
through  90  degrees.  In  that  case,  a  new  floor  panel  with  a  slot  orthogonal 
to  the  freestream  direction  would  have  to  be  constructed. 

To  prevent  leakage  near  the  base  of  the  model  and  over  the  remainder  of 
the  slotted  region,  a  two-piece  neoprene  seal  was  developed.  Shown  in  cross- 
section  in  Figure  9,  the  two  stiffened  strips  of  material  were  overlapped  to 
form  a  "V"-conf iguration  which  was  self-sealing  except  at  the  model  support 
shaft  entrance  point.  The  material  stiffness  was  varied  on  a  trial  and  error 
basis  to  provide  the  best  seal  around  the  model  support  shaft  without  sacri¬ 
ficing  performance  in  the  open  groove  region.  To  prevent  possible  effects  of 
leakage  during  actual  model  tests,  and  to  isolate  the  airfoil  from  unwanted 
wind  tunnel  wall  boundary  layer  effects,  plexiglass  endplates  were  devised 


for  use  with  the  airfoil  model  described  above. 
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III.  Servo-Drive  Electronics 

The  selection  of  a  suitable  drive  concept  to  power  the  two  oscillator 
stages  was  severely  impacted  by  two  demanding  performance  requirements, 
namely,  (1)  maximization  of  system  dynamic  response,  and  (2)  the  selectable 
variation  of  the  time  histories  of  the  motion  parameters,  a(t)  and  x(t). 

The  first  of  these  is  attainable  through  the  application  of  closed  loop 
control  techniques.  The  latter  requirement,  it  was  believed,  could  best  be 
satisfied  through  the  use  of  real  time  computer  control.  Ultimately,  both 
requirements  were  met  through  the  implementation  of  these  concepts  using  a 
device  known  as  a  "servo-translator." 

It  is  useful  to  briefly  discuss  the  operation  of  a  servo  system  which 
utilizes  both  velocity  and  position  feedback.  Such  a  mechanism  is  shown 
schematically  in  Figure  10.  As  shown,  the  input  voltage  to  the  servo- 
controller  is  a  "velocity  command"  which  is  instantaneously  and  continuously 
compared  to  the  velocity  feedback  signal  (tachometer  voltage).  The  difference, 
the  velocity-error  voltage,  is  greatly  amplified  by  the  preamplifier  and 
applied  uo  the  power  amplifier  to  command  motor  current.  The  current 
generates  torque,  which,  in  turn,  alters  the  motor  speed  to  reduce  the 
velocity  error  voltage.  Thus,  the  servo-controller  is  always  trying  to 
reduce  the  velocity  error  to  zero. 

The  position  feedback  loop  controls  the  position  in  the  same  manner  that 
the  servo-controller  controls  speed.  A  position  command  generated  by  an 
external  source  is  compared  with  the  position  feedback  signal  provided  by  a 
linear  feedback  transducer  sensitive  to  position.  The  difference,  or  position- 
error  signal,  is  amplified  to  generate  the  velocity  command. 

The  "servo-translator,"  mentioned  p. tviously,  is  a  device  similar  to  the 
one  just  discussed  which  employs  both  velocity  and  position  feedback  to 
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provide  accurate  motion  control.  The  significant  difference  is  the  unique 
design  of  the  input  stage  which  is  shown  schematically  in  Figure  11.  Closed 
loop  position  control  is  provided  by  a  device  termed  an  Absolute  Digital 
Translator  Subtractor*  (ADTS)  which  accepts  command  information  in  the  form 
of  serial  data  pulses.  Pulse  information  is  compared  with  a  feedback  signal 
from  a  non-pulse  counting  type  of  transducer  (a  resolver)  to  close  the  loop. 

This  design  increases  noise  immunity  since  the  requirement  for  encoders  or 
other  pulse  counting  feedback  circuits  is  eliminated.  Errors  due  to 
'accumulation'  associated  with  these  techniques  are  also  eliminated. 

The  operating  system  which  results  is  controlled  in  real  time  by  the 
incoming  command  pulse  train.  Each  pulse  received  will  cause  the  motor  to 
move  one  increment  in  the  selected  direction,  and  the  rate  at  which  the  pulses 
are  received  determines  the  instantaneous  motor  speed.  The  resolution,  or 
size  of  an  angular  increment,  is  regulated  in  the  design  of  the  ADTS  stage 
in  the  servo-translator.  Input  pulses  can  be  generated  through  a  number  of 
techniques  including  the  output  of  a  digital  computer. 

It  is  instructive  to  briefly  discuss  the  operation  of  the  "resol\er"  - 
an  analog  position  transducer  employed  in  conjunction  with  the  ADTS.  The 
unit  is  brushless  and  utilizes  a  rotary  transformer  principle.  It  contains 
three  (3)  inductive  elements  -  windings  labeled  as  (a)  Reference,  (b)  Sine, 
and  (c)  Cosine.  The  reference  winding  is  located  on  the  rotary  portion  (Rotor) 
of  the  resolver  while  the  Sine  and  Cosine  windings  are  located  on  the  stationary 
section  (Stator).  The  Reference  winding  is  excited  with  a  2.5  kHz  sinusoidal 
reference  signal  provided  from  the  servo-translator  unit.  With  different 
positions  of  the  rotor,  the  Sine  and  Cosine  windings  will  exhibit  different 

*Patent  Applied  For,  Control  Systems  Research  Corporation. 
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coupling  factors.  The  Sine  and  Cosine  signals  are  fed  Into  the  4DTS  which 
generates  a  digital  command  signal  proportional  to  the  sine  of  the  difference 
between  the  command  angle  and  the  actual  Resolver  (position  transducer  shaft) 
angle. 

The  diverse  power  requirements  of  the  two  oscillator  stages  governed  the 
selection  of  the  type  of  power  amplifier  employed  in  the  two  cases.  A  dual- 
state,  pulse  width  modulation  (PWM)  technique  is  used  to  provide  rapid  power 
transfer  to  the  pitch  drive  motor.  A  discussion  of  this  concept  and  its 
advantages  in  high  speed  applications  can  be  found  in  Reference  6.  Because 
of  its  substantially  larger  size  and  capacity,  the  translation  drive  motor 
is  equipped  with  a  more  conventional  SCR  power  supply  (Control  Systems 
Research,  Systrol  Model  4200AP). 

A  complete  schematic  of  the  pitch  drive  electronics  including  computer 
control  elements  is  provided  in  Figure  12.  A  detailed  interconnection 
diagram  is  shown  in  Figure  13.  The  CSR  Model  3T-70J-2  Servo  Translator  is 
the  heart  of  the  closed  loop  system.  The  unit  is  equipped  with  a  resolution 
of  1000  steps  per  revolution  which  equates  to  a  motor  displacement  resolution 
of  0.36  degrees  or  a  mcdel  pitch  angle  resolution  of  0.21  degrees  in  the  worst 
case  with  maximum  amplitude  cam  adjustment.  This  factor  provided  for  maximum 
resolution  and  "smoothing"  of  motion  at  high  speeds  consistent  with  the 
maximum  output  pulse  rate  capability  of  the  computer.  A  digital  display 
module  (CSR  Model  IA-04)  is  coupled  directly  to  the  serve-translator  to 
monitor  displacement  repeatability  and  possible  errors  incurred  from  randomly 
dropped  bits.  The  IPS-3  direct  current  power  supply  provides  power  to  the 
drive  motor  through  the  servo  power  amplifier  card.  This  unit  is  rated  to 
deliver  15  amps  continuous  or  45  amps  peak  during  normal  operation. 


The  translational  drive  electronics  are  depicted  schematically  in  Figure 
14  with  a  detailed  interconnection  diagram  provided  in  Figure  15.  The  system 
is  functionally  similar  except  for  the  power  source.  A  relay  interface  panel 
(shown  in  detail  in  Figure  16)  is  required  to  provide  proper  sequencing  of 
field  and  armature  signals  during  power  up  and  power  down  operations.  Addi¬ 
tional  "enable"  circuits  are  provided  for  added  safety  during  the  operation  of 
this  high  power  system.  Note  that  the  resolver  is  located  on  the  output  shaft 
of  the  gearbox.  The  resolution  of  the  translational  stage  is  set  at  2500 
steps  per  flywheel  revolution  providing  0.015  inches  maximum  resolution  in 
unidirectional  linear  travel  with  the  cam  adjusted  for  maximum  travel.  k 

A  common  feature  of  both  drive  systems  is  a  limited  capability  for  ' f ronr 
panel'  control  which  is  hard-wired  and  does  not  require  a  separate  computer. 

The  rotation  direction  can  be  altered  by  a  polarity  control  on  the  panel.  A 
constant  rate  puls-  train  provided  by  an  internal  oscillator  in  the  servo 
translator  and  whose  level  is  regulated  by  a  potentiometer  can  be  employed  to 
'JOG'  the  system  during  installation,  alignment  and  during  servo  system  tuning. 

The  'HOME'  position  is  a  designated  reference  location  for  each  resolver 
determined  by  the  alignment  of  its  rotor  and  stator.  This  position  is  adjusted 
by  rotating  the  resolver  case  to  any  desired  preset  value.  A  'GO  HOME' 
command  provided  through  a  separate  pulse  input  can  be  generated  either  from 
the  computer  or  front  panel  to  return  the  system  to  the  reference  position  at 
the  'JOG'  speed. 

Only  the  serial  data  pulse  inputs  and  respective  'GO  HOME'  commands  have 
been  implemented  through  computer  control  in  the  present  configuration. 
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IV.  Computer  Command  System 

A.  Pulse  Train  Requirements 

The  choice  of  a  suitable  motion  control  computer  was  dictated  primarily 
by  the  nature  of  the  pulse  train  which  must  be  produced  as  an  input  for  the 
servo-translator .  In  the  present  case,  this  choice  was  also  affected  by  the 
necessity  to  produce  two  independent  drive  signals  simultaneously.  An  addi¬ 
tional  factor  which  complicated  the  pulse  rate  requirement  was  the  non-linear 
character  of  the  mechanical  transfer  functions  (equations  (1)  and  (2)). 

For  a  given  drive  system,  the  net  number  of  pulses  applied  for  unidirec¬ 
tional  motion  can  be  related  to  the  flywheel  angular  displacement  as  follows  - 

n  =  K  •  Ae  (3) 

where  - 

n  =  number  of  pulses  generated 

K  =  'resolution'  of  the  system  (steps  per  degree) 

At  this  point,  it  is  useful  to  discuss  the  concept  of  'HOME'  or  zero  reference 
position.  This  location  is  found  when  the  resolver  shaft  and  stator  are 
aligned  to  produce  a  'null'  reference  signal.  If  the  home  position  of  the 
resolver  is  aligned  with  the  x-axis  (Figure  4  or  7),  the  displacement  angle, 
A0,  is  equivalent  to  the  absolute  angle,  9.  Since,  reaiisticallv,  there  is 
always  some  degree  of  misalignment,  it  is  appropriate  to  replace  the  angle 
(9^  or  92)  in  equations  (1)  and  (2)  with  an  expression  which  includes  the 
reference  offset  angle,  9^,  namely  - 

ei  =  es1  +  eri  (*> 

where  - 


i  *  index,  denotes  the  appropriate  stage. 


The  pulse  rate  can  be  computed  easily  from  equation  (3)  as  - 


n 


Kd 

s 


(5) 


For  the  pitch  drive  assembly,  this  can  be  expanded  to  obtain  - 

n  (t)  =  K  *  —  •  - ft-C-P - 

1  r2  sin  [0S](t)  +  9ri3 

The  corresponding  expression  for  the  translational  drive  system  is 
calculated  as  - 
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Examination  of  these  relationships  reveals,  for  example,  that  harmonic 
motion  of  either  drive  output  (a,  or  x)  can  be  generated  with  a  constant 
pulse  rate  (n) .  To  generate  a  rampwise  behavior  in  time,  e.g.,  a  or  x  is  a 
constant,  requires  a  non-linear  pulse  generation  scheme. 

It  should  be  noted  that  since  the  control  pulse  trains  are  to  be 
provided  through  computer  software,  provision  must  also  be  made  in  programs 
for  acceleration  and  deceleration  control  so  as  not  to  exceed  drive  hardware 
limitations.  This  is  especially  important  when  rapid  motion  is  required,  and 
when  operating  near  'HOME*  or  its  complement,  i.e.,  when  - 

0  +0  — ^  0  or  nn 

s  r 


At  the  extrema  of  the  cycle,  infinite  pulse  rates  are  required  to  maintain 
constant  rate  model  motions. 

B.  Hardware 

To  produce  the  dual  pulse  trains  required  for  simultaneous  operation  of 
the  drive  systems,  a  Digital  Equipment  Corporation  PDF  11/03  microcomputer 
was  chosen  for  dedicated  motion  control.  The  unit  was  configured  with  32 


k-bytes  random  access  memory  which  provided  overhead  (operating  system)  and 
program  support. 
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Control  of  the  two  motor  drive  systems  was  implemented  through  a  single 
digital  output  port  using  select  pins  for  the  various  pulse  and  voltage  level 
command  functions  (see  Figures  13  and  15).  Pulses  were  generated  by  momentary 
"toggling"  of  the  voltage  at  the  appropriate  output  register  pin  from  the  low 
to  high  state.  The  timing  of  the  pulses  for  each  control  channel  was  accom¬ 
plished  in  software  by  indexing  a  ’pointer'  through  a  binarv  array.  Each  bit 
is  examined  by  software  as  the  pointer  reaches  it  resulting  in  a  toggle 
command  to  the  appropriate  output  port  if  a  "1"  is  detected.  Bits  set  to  "0" 
are  ignored.  Succeeding  bits  are  examined  alternately  from  the  two  arrays 
which  determine  pitch  and  translational  motion.  The  pointer  indexing  rate  is 
regulated  by  the  internal  computer  instruction  clock,  and,  in  this  manner,  a 
pulse  train  having  a  prescribed  time  history,  n^t),  can  be  generated  program¬ 
matically. 

Other  register  pins  can  be  employed  to  control  other  elements  of  model 
motion  using  voltage  level  variations.  For  example,  the  direction  of  motor 
rotation  could  have  been  changed  through  a  software  command  to  a  preselected 
output  pin.  This  option  has  not  been  exercised  in  the  present  case,  however. 

Resulting  motion  is  then  a  single  cycle  pattern  which  can  be  repeated  as 
many  times  as  required  by  relocating  the  pointer  to  the  top  of  the  arrays  and 
restarting  the  sequencing  program. 

Due  to  the  high  noise  environment  and  long  control  cables  used  in  the 
experiment,  a  two-channel,  interface  circuit  was  installed  near  the  servo- 
translator  input  to  perform  pulse  shaping  and  timing  regulation.  The  schematic 
diagram  for  a  single  channel  is  provided  in  Figure  17.  The  DM74121  monostable 
multivibrator  chips  are  used  to  provide  'clean'  pulses  exhibiting  rapid  rise/ 


fall  rates  (less  than  1.0  usee)  and  of  precise  duration  (pulse  width  10  usee, 
minimum  detectable  is  5  usee) .  The  DM7416  Hex  Inverter  module  is  employed  to 
interface  complimentary  logic  schemes  of  the  computer  output  and  servo- 
translator  electronics. 

Although  the  microcomputer  system  described  above  was  adequate  for  motion 
control,  the  limited  memory  and  lack  of  storage  peripherals  severely  restricted 
its  use  for  program  development.  Since  a  larger,  minicomputer  system  was 
available  for  overall  experimental  control  and  data  acquisition,  a  capability 
was  developed  to  interface  the  larger  machine  with  the  smaller  one  for  trans¬ 
ferring  task  images  using  a  'down-line  load'  technique.  This  simple  network 
allowed  for  program  development  and  editing  in  the  DEC  PDP  11/45  computer 
system  which  was  equipped  with  magnetic  disk  storage  capability.  The  sophis¬ 
ticated  operating  system  of  this  unit  also  provided  a  capability  to  employ 
higher  order  languages  such  as  FORTRAN.  After  the  necessary  control  program 
is  developed,  it  can  be  transferred  to  the  microcomputer  via  the  network  lir.k. 

During  an  actual  test,  the  microcomputer  is  employed  as  a  dedicated 
motion  controller  which  is  slaved  to  the  larger  computer.  The  minicomputer 
protocol  evokes  the  initiation  of  prescribed  motion  through  a  single  command 
to  the  microcomputer,  and  the  larger  machine  subsequently  samples  data  from, 
the  various  transducers  employed  in  the  experiment.  Precise  timing  in  the 
coupled  computer  interaction  is  the  key  to  repeatable,  phase-locked  sampling 
and  accurate  ensemble  averages  of  the  various  data  parameters. 

C.  Software 

As  of  this  writing,  motion  control  programs  had  been  developed  to  imple¬ 
ment  constant  rate  (ramp  function),  constant  acceleration  or  harmonic  motions 
of  either  or  both  drive  systems  including  asynchronous  initiation.  A  chart 
showing  the  motion  selection  and  control  algorithm  is  provided  in  Figure  18. 
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After  the  'RUN'  command  is  provided  through  the  microcomputer  control 
terminal,  the  program  queries  the  user  for  the  desired  motion  parameters 
including: 

(1)  type  of  motion  for  pitch 

(2)  type  of  motion  for  acceleration 

(3)  rate  information  for  both  axes  (e.g.,  a,  a,  or  frequency) 

(4)  motion  initial  conditions  for  constant  acceleration  (e.g.,  a0  or  xq) 

(5)  maximum  travel  limits  for  both  axes 

(6)  timed  delay  for  start  of  motion,  if  desired 

and, 

(7)  total  time  until  a  'GO  HOME'  pulse  is  generated  after  motion  completion. 
The  program  then  calculates  the  bits  in  the  motion  array  that  must  be  set 

to  obtain  the  desired  motion.  An  example  for  constant  acceleration  in  pitch 
is  illustrative.  For  this  case,  the  operato-  inputs  the  desired  pitch  accel¬ 
eration,  the  Initial  pitch  rate,  and  the  maximum  angle  of  attack  desired. 

Since  the  time  between  pulses  At  is  the  inverse  of  the  pulse  rate.  At  =  1/n, 
equation  (6)  is  used  to  calculate  the  time  increment.  For  this  calculation, 
the  pitch  rate  is  calculated  from  the  expression  - 

a(t)  =  a  •  t  +  « 

o 

In  this  step,  any  functional  form  for  pitch  rate  could  have  been  substituted. 

The  time  increment  is  added  to  the  time  total  to  give  the  absolute  time 
after  motion  initiation  when  a  pulse  should  occur.  These  absolute  time  values 
are  then  used  to  determine  the  sequence  of  bits  to  be  set  in  the  motion  array 
which  will  result  in  incrementing  the  motor  shaft  angle  wher.  the  'RUN' 


program  is  executed. 
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The  calculation  of  time  steps  is  iterative,  involving  a  repeated  computa¬ 
tion  of  instantaneous  pitch  rate  and  corresponding  time  increment  until  the 
maximum  angle  of  attack  is  reached.  The  program  will  then  branch  to  a  routine 
which  will  set  the  bits  in  the  translational  motion  array  in  a  similar  fashion. 

When  the  bits  h.-  ve  been  set  in  both  arrays,  the  unit  will  idle  until  a 
'START  MOTION'  pulse  command  is  generated  by  the  minicomputer  manager.  Once 
initiated,  the  slave  computer  will  step  through  its  motion  arrays,  outputing 
pulses  to  the  drive  electronics.  When  motion  is  complete,  a  'GO  HOME'  pulse 
is  generated  to  both  drives,  returning  them  to  the  'HOME'  position.  The 
motion  can  then  be  precisely  repeated,  on  command,  as  many  times  as  necessary. 
The  program  is  terminated  by  another  command  from  the  host  minicomputer. 
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V.  Performance 

Preliminary  motion  control  experiments  were  conductec  using  the  inte¬ 
grated  oscillator  mechanics  and  electronic  control  components  to  evaluate 
overall  system  performance.  The  tests  were  structured  tc  address  two  areas 
of  concern,  namely,  (1)  the  comparison  of  actual  motion  time  histories 
(dynamic  response)  with  "programmed"  motion,  and  (2)  the  cycle-to-cycle 
repeatability  of  preselected  motion  over  a  range  of  performance  conditions. 

To  assess  performance,  position  variables  (as  functions  of  time)  were 
measured  independently  using  precision,  servo  mount  potentiometers  as  linear 
position  transducers.  A  single  turn,  precision  potentiometer  equipped  with  a 
small  spur  gear  was  Interfaced  to  a  rack  assembly  which  was  fastened  to  the 
movable  portion  of  the  pitch  yoke.  When  the  wiper  of  the  transducer  was 
interfaced  with  the  DC  amplifier  shown  in  Figure  19,  the  resulting  voltage 
output  level  was  linearly  related  to  yoke  position,  and,  hence,  to  the  instan¬ 
taneous  angle-of-attack.  The  principal  source  of  error  in  establishing  this 
relationship,  gear-rack  backlash,  was  estimated  to  be  less  than  0.05%  for 
unidirectional  motions. 

A  similar  arrangement  was  configured  for  the  translational  drive  stage 
using  a  ten  turn,  precision  potentiometer  and  an  appropriately  sized  gear. 

In  this  case,  translational  position  was  measured  directly. 

Analog  position  signals  were  digitized  through  the  LPS-ll  analog/digital 
converter  interface  available  with  the  PDP  11/45  data  acquisition  system  and 
stored  on  disk.  Performance  tests  were  conducted  under  "no  flow"  conditions 
for  pitch-only,  translation-only  and  combined  pitch/translational  conditions. 

Several  actual  time  histories  obtained  for  a  range  of  pitch  rates  are 
displayed  in  Figures  20  and  21.  The  data  provided  in  these  illustrations 
represent  a  request  for  a  constant  rate  of  change  in  angle-of-attack  (a)  from 
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zero  degrees  to  a  prescribed  level  (a  )  with  delay  and  a  subsequent  'RETURN 

max 

HOME'  command  at  a  later  time.  At  low  to  moderate  rates  (10°/sec  <  a  < 

500°/sec),  the  actual  motion  time  history  was  quite  consistent  with  the 

programmed  "request."  The  linear  region  is  observed  to  extend  to  a  with 

max 

sharp  acceleration  and  deceleration  characteristics  near  motion  initiation 
and  termination,  respectively.  Extensive  tests  did  verify,  however,  that  it 
was  necessary  to  "tune"  the  entire  system  in  order  to  optimize  performance 
and  to  obtain  faithfully  reproducible  response  from  test  to  test,  even  for 
the  lower  oscillation  rates.  The  tuning  process  included  not  only  adjusting 
the  servo  system  gain  and  electronic  response  for  critically  damped  behavior 
as  might  be  expected,  but  also  the  painstaking  alignment  of  all  moving 
mechanical  components  to  eliminate  friction  and  binding  to  the  maximum  extent, 
possible. 

At  higher  frequencies,  inherent  performance  limitations  were  responsible 
for  varying  degrees  of  degraded  motion  response.  The  curve  depicted  in 
Figure  21  is  representative  of  this  behavior  for  constant  rate  motion.  The 
curve  has  been  divided  into  three  regions  to  facilitate  a  discussion  of  the 
dynamic  characteristics. 

The  initial  acceleration  is  not  "instantaneous"  in  this  time  scale  of 
motion  as  is  shown  in  the  segment  labeled  region  I.  Limitations  on  accelera¬ 
tion  capability  resulted  from  the  torque  limitations  of  the  motor  gearbox 
system  as  well  as  the  maximum  pulse  frequency  output  of  the  microcomputer. 

As  previously  mentioned,  with  the  yoked  drive  arrangement  employed,  more 
pulses  were  required  to  move  a  finite  displacement  (Act  or  Ax)  when  the  voke 
was  near  either  end  of  it3  range  of  motion,  i.e.,  during  the  initial  and 
final  portions  of  the  motion  cycle.  There  is  even  a  slight  delay  in  tv' 
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onset  of  motion  (no  greater  than  0.02  sec)  which  can  be  attributed  to  the 
time  response  of  the  electronics  and  software  -  a  fixed  delay  time. 

The  linearity  of  the  constant  rate  region  (II)  is  observed  to  be  a  strong 
function  of  the  rate  itself.  From  rates  in  excess  of  approximately  500 
degrees  per  second  to  those  in  excess  of  1,100  degrees  per  second  (the  maximum 
attempted),  the  linear  portion  of  the  curve  was  found  to  extend  from  a  starting 
angle  (a^)  which  was  typically  fixed  at  about  four  degrees  (well  under  the 
static  stall  value)  to  a  maximum  level  (02)  which  was  a  fractional  portion  of 
the  maximum  actual  value.  Typically  - 

a7  S’  0.88 

In  this  example,  02  ■  55  degrees  for  a  programmed  maximum  of  60  degrees  and  an 
actual  value,  =  62  degrees.  It  should  be  noted  that  the  maximum  obtainable 
limit  with  the  internal  cam  (flywheel)  adjusted  for  maximum  radius  (^j  from 
equation  (1))  was  °‘max  =  68.3  degrees.  The  nonlinearity  of  this  region  was 
typically  no  worse  than  4-5%  for  the  highest  rates  attainable  based  on  a  best 
linear  fit  curve. 

The  deceleration  phase  (region  III)  is  characterized  by  an  overshoot  of 

the  desired  termination  angle  (a  )  followed  by  a  damped  oscillation  to 

max 

equilibrium.  The  extent  of  the  overshoot  was  fixed  at  about  3-4%  of  a  , 

max 

but  the  damping  was  found  to  be  dependent  on  the  actual  rate,  a.  This 
behavior  is  attributable  to  the  previously  described  limitations  on  the 
maximum  frequency  and  torque  capabilities  of  the  system  to  respond  to  an 
"Instantaneous"  deceleration  request. 

An  item  of  concern,  especially  at  high  programmed  rates,  is  the  ability 
of  the  drive  unit  to  provide  the  actual  requested  rate  during  the  linear  seg¬ 
ment  of  motion.  The  example  provided  in  Figure  21  does  appear  to  indicate  a 
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difference  between  the  'real'  and  the  'ideal'  rates.  These  results  are 
summarized  for  a  range  of  rates  in  Figure  22.  The  data  represent  actual 
rates  measured  over  the  linear  region  only  using  a  'best  fit'  curve.  The 
departure  from  ideal  motion  is  observed  to  increase  with  increasing  rate  in 
a  slightly  nonlinear  fashion. 

Similar  results  are  provided  for  the  pitch  oscillation  mechanism  for  the 
case  of  acceleration  at  constant  rate,  that  is,  a  =  constant,  as  shown  in 
Figure  23.  After  the  maximum  angle  has  been  reached,  the  level  is  held  until 
the  'RETURN  HOME'  command  has  been  provided.  These  data  reveal  less  over¬ 
shoot  and  oscillation  during  the  deceleration  part  of  the  motion  when  compared 
to  the  constant  rate  motion.  A  comparison  of  actual  versus  programmed 
acceleration  is  provided  in  Figure  24  showing  a  closer  adherence  to  desired 
performance  than  that  depicted  for  constant  rate  motion. 

Comparable  results  are  provided  for  the  translational  drive  stage  in 
Figures  25-27.  Performance  indicators  for  this  unit  are  similar  to  those 
discussed  previously  for  the  pitch  mechanism.  It  must  again  be  noted  that 
the  inertial  limitations  of  this  unit  are  much  more  severe  than  for  the 
smaller  pitch  apparatus,  and  this  is  reflected  in  the  'frequency'  range 
depicted  in  the  figures.  The  maximum  translational  rate  attempted  under 
"no-flow"  test  conditions  for  this  report  was  x  =  60  inches  per  second.  The 
significance  of  this  performance  parameter  is  apparent  when  it  is  compared 
with  the  minimum  streaming  velocities  to  which  the  model  might  be  subjected. 

The  USAFA  subsonic  wind  tunnel  provided  test  section  flow  velocities  down  to 
32  feet  per  second  (with  special  modifications)  which  results  in  a  typical 
speed  perturbation  of  approximately  16%. 

An  issue  of  equal  concern  to  those  mentioned  previously  is  the  : integrity' 
of  resultant  motion,  or,  cycle-to-cycle  repeatability.  Although  the  actual 
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performance  of  both  stages  was  observed  to  depart  from  the  programmed 
parameters,  the  measured  repeatability  of  the  resultant  motion  was  found  to 
be  excellent.  Even  after  prolonged  periods  (>  500  cycles),  no  deviation  in 
repeated  oscillograph  traces  of  the  motion  time  histories  was  detectable. 

The  overall  repeatability  of  the  patterns,  irrespective  of  the  type  of  motion 
or  drive  unit,  is  estimated  to  be  within  one-half  of  one  per  cent. 

Several  tests  involving  simultaneous  motion  of  both  stages  were  conducted 
to  assess  possible  degradation  of  motion  due  to  inertial  interference  effects. 
Figure  28  illustrates  one  example  of  combined  motion.  In  this  case,  an  axial 
deceleration  is  coupled  with  a  delayed  pitch  motion  at  constant  rate.  In 
these  tests,  no  apparent  alteration  of  the  independent  motions  was  observed 
due  to  the  coupling. 

Finally,  it  is  useful  to  discuss  the  performance  'map'  under  streaming 
conditions.  A  typical  result  is  provided  for  the  pitch  drive  unit  (Figure  29) 
which  shows  the  envelope  of  constant  "quality"  motion  as  a  function  of  the 
test  section  flow  velocity.  A  diagram  of  this  type  could  also  be  generated 
for  the  translational  axis.  Of  course,  this  family  of  curves  would  be  altered 
if  a  different  model  (inertial  characteristics)  were  employed.  If  other  than 
constant  rate  motion  were  considered,  the  ordinate  would  have  to  be  redefined 
to  reflect  the  relevant  performance  variables. 
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VI.  Summary 

An  oscillator  mechanism  which  provides  complex  motions  in  two  degrees-of- 
freedom  has  been  described.  The  device,  originally  designed  for  the  investi¬ 
gation  of  motion  variations  in  dynamic  stall,  employs  a  unique  microcomputer- 
controlled,  servo  system  concept  to  generate  a  virtually  infinite  combination 
of  motion  alternatives  in  simultaneous  rotation  and  translation.  A  prelim¬ 
inary  performance  evaluation  indicates  that  the  apparatus  is  capable  of 
generating  relatively  large  amplitude  dynamic  motions  at  high  frequencies. 


Performance  limitations  have  also  been  documented. 
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Figure  5.  Model  Mounting  Detail 
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Figure  8.  Experiment  Installed  in 
USAFA  2  ft  x  3  ft  Subsonic  Wind  Tunnel 
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Servo  Drive  Electronics  -  Schematic 


Figure  11.  Servo  Translator  Concept 
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Figure  17.  Microcomputer  Interlace  circuit  -  Single  Channel  Schematic 
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Figure  19.  Position  Potentiometer  Amplifier  Circuit 


Figure  90.  Pitch  Oscillator  Performance,  Constant  Rate  Motion, 


Figure  21.  Pitch  Oscillator  Performance,  Constant  Rate  Motion 
High  Frequency  (Typical) 
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